In this review, the beginnings and evolution of the cold gas spray (CGS) technique are described, followed by the main fundamental aspects of the technique together with a description of the several spraying systems up to date. Sequentially, the main spray parameters and their influence on the properties of the coatings are reported. Afterwards, the most important methodologies for preparing the feedstock powders to be sprayed, the effect of the powder composition, microstructure, particle size and shape on the properties of the coatings are discussed. The nature of the spray gun and nozzle, and the substrate pre-treatments were also discussed. With regard to microstructure and properties, the chemical and physical characterization of the coatings and the performance in protecting the substrates against corrosion together with some mechanical properties are presented and compared. The lacking systematic studies about the great part of investigated systems is the main drawback to compare the published results. Closing this review, the main applications, and the potentialities of the CGS coatings are evidenced.
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History of cold gas spray (CGS)
Cold Gas Spray (CGS) has recently emerged in the field of thermal spray techniques. It was developed in the mid-1980s by A. Papyrin and his team at Institute of Theoretical and Applied Mechanics of the Siberian Branch, now called Khristianovich Institute of Theoretical and Applied Mechanics in Novosibirsk city, Russia [1] [2] [3] [4] [5] [6] . This group of scientists, studying aerodynamic systems in a supersonic wind tunnel, decided to use small particles of steel and aluminum mixture with the supersonic gas system to make a twophase (gas+solid) fluid. After the test, it was observed that particles of different sizes and sprayed at different velocities and angles were deposited onto the material surface when the fluid velocity had reached certain critical value. This process was called "Cold Spray" phenomenon [1] [2] [3] [4] [5] [6] . Figure 1 shows the timeline for key developments of cold gas spray processes.
Figure 1. Timeline of Cold Gas Spray processes.
From 1986 to 1990, this group developed two patents of the CGS equipment construction and a method for coating deposition 1 . From 1990 to 2000 the United States of America established a partnership with the Russian government to build the first CGS equipment. The system was made by A. Papyrin, and the US was the second country to have a Cold Gas Spray system. In the same decade, Germany and other European countries made their CGS systems and began to investigate new applications. After that, basic studies about the spray parameters and the use of many techniques to evaluate the coating formation and microstructure allowed to increase the CGS applications in the industry field 1, 3 . After the 2000's, the CGS process experimented great development, and significantly spread to different countries, mainly during the last years thanks to R&D actions and production efforts all over the world. A recent study 7 published the state-of-art of CGS installations worldwide. The European represents 55% of the CGS system being used for R&D and production, USA 20%, China 7% and 18% are divided by Japan, Korea, Taiwan, India, Australian and Canada. The installations worldwide are used for R&D activities (60%) rather than for production (40%). A wide spectrum of investigations is being conducted at many research centers and companies which are developing many applications. Some of them will be discussed at the section 5 of this review.
Fundamental principles of CGS
In CGS, metallic or nonmetallic materials are heated at relatively low temperatures (<1000 °C) and accelerated between 500 and 1200 m/s, depending on the gas used, spraying parameters and nozzle design, in a high pressure supersonic gas jet that allows the particles to be plastically deformed during impact with the target to form interconnected splats adhered to the substrate 1, 3, 4, 8, 9 , resulting in the coating (Figure 2 ). Unlike other thermal spray techniques, the CGS uses high kinetic energy and low thermal energy for the coating deposition 5, 11, 12 (Figure 3) . Therefore, the coatings can be thicker, with lower porosity, without cracks (stresses tend to be compressive rather than tensile) and with minimum oxidation. The temperatures used during the spraying process prevent the oxidation of the feedstock material as well as thermal degradation; thus, the coatings are practically oxidesfree and chemical reactions which may lead to the formation of new phases do not occur. Figure 3 compares the temperature and the velocity of the particles used in the conventional thermal spray and CGS techniques 2, 6 .
Figure 3. Classification of thermal spray processes according to particle velocity and work temperature.
There are two types of CGS equipment designs available for commercial use: low-pressure cold spray (LPCS) and high-pressure cold spray (HPCS). In Lowpressure Cold Spray (LPCS) compressed air or nitrogen can be used as spraying gas 4 . The gas pressure is relatively low, between 5-10 bars, and at a temperature around 550 °C. In that system, the gas contained in a reservoir follows a pipeline to the heating system of the equipment where it is heated and brought to the low-pressure chamber and heating the spray gun and then forced through the convergence / divergence ( Figure 4 Some of the advantages of the LPCS systems are their compact size and low weight. This equipment is portable which allows the use in industrial platforms and transport without major difficulties. There is improvement on the operational safety due to the use of lower pressure. During the spraying process, the particles do not flow through the throat of the nozzle, hence wear of the nozzle walls occurs only in the supersonic portion of the nozzle and, this ensures a longer service life of the nozzle. In addition, a LPCS system is more compatible with several system modifications and cheaper than others CGS systems. However, the LPCS system shows disadvantages, for example, a low deposition efficiency when used to spray harder materials such as ceramics and some metals, e.g. titanium 4,13 .
The other CGS set-up commercially available is the High-pressure Cold Spray (HPCS). In HPCS, helium or nitrogen can be used as carrier gas 4 . The gas pressure during spraying process is ca. 25-40 bar and the working temperature can reach up to 1000 °C. The solid powder feedstock particles mix with the propellant gas in the pre-chamber zone and are then axially fed into the gas stream, upstream of the converging section of the nozzle at a higher pressure than the accelerating gas to prevent backflow of the carrier gas to the powder feeder as shown in Figure 5 4 .
At the exit of the nozzle (divergent side) the velocity of the particles can reach between 600-1200 m s -1 . The HPCS systems are stationary and can be used for the spraying of the most diverse kinds of feedstock material with high deposition efficiency even for harder materials such as ceramics. Al-based metallic glass powder with 81% of amorphous phase was recently prepared by HPCS onto Aluminum-7075-T6 alloy with better mechanical properties and higher corrosion resistance than the substrate 14 . Figure 5 . Scheme of the high-pressure cold spray system.
The mechanism of the CGS coating formation where the particle plastically deforms and adheres on the substrate is not yet well established and seems to depend considerably on the pair of materials and their inherent properties. It is known that when a particle is sprayed onto the substrate, its kinetic energy is transformed into strain energy and heat, which can involve an intense plastic deformation of both particle and substrate surface or mainly of one of the two; when the substrate is much harder than the particle, the particle tends to flatten while, on the reverse case, the particle tends to embed within the substrate. The process of impact tends to break thin oxide films on the substrate and particle surface, and establishes intimate contact between "clean" and chemically active surfaces, which also happens when building up the coating among particle-particle contact points. Moreover, the high pressures during spraying cause the packing of particles, and these conditions lead to a strong bonding between particles/substrate and particles/deposited material 1, 2 . Other phenomena assigned to the adhesion of materials and coating formation relate to metallurgical bonding, as for example, interfacial fusion or diffusion of materials through different phases were studied 1,2,15,16 .
Nevertheless, the results show that diffusion does not occur in the CGS coating formation due to the very short particle/substrate contact time scales. In CGS, the adiabatic shear instability is considered one of the dominant mechanisms to explain the strong bonding between microparticles and the substrate or the deposited layer, which is related to the abnormal strain rise and stress collapse due to the plastic deformation at the interface 17, 18 . Using this concept, the deformation behavior was examined and critical velocities estimated [17] [18] [19] . Copper is a model metal to investigate the mechanism, but its behavior is not followed by other metals because the start of material instability depends on the thermal-softening and strain-rate hardening of each material 20 . Drehmann et al. 15 and
Grigoriev et al., 2 analyzing the existence of fusion at particle/substrate interface, showed that the kinetic energy to deposit the particles plus the thermal energy of the particles during the spraying process are smaller than the energy required to promote the fusion of particle/substrate interface for different coatings and substrates 20, 21 . The plastic deformation is also an energy dissipation process and the increase of temperature at interfacial region due to the particles deposition is not enough to allow the material diffusion between the phases 2,8,15 , and depending on the particle/substrate nature four interfases can be distinguished: soft / soft; hard / hard, soft / hard and hard / soft and the consequences of the different sizes of the thermal boost-up zone on the aspects of the adiabatic shear instability were discussed 20 . A comprehensive description of bonding in CGS process based on theoretical studies combined to experimental results led to the prediction of coating properties and opened a possibility to optimize the process parameters and nozzle geometry 22 . Therefore, the CGS coating formation is a solid-state process considering that the all particle is not molten, however, a very thin layer is in a so deformed condition, in which melting could occur, but it is still an open question.
The most important criterion in CGS is that material deposition takes place only if the velocity of the particles when impacting the substrate exceeds certain value, which is called critical velocity. Figure 6 schematically displays the materials deposition efficiency (DE). As the material deposition occurs only when the critical velocity is reached, a further increase of velocity leads to a steep increase in DE and may attain deposition efficiency close to 100%. After reaching the highest deposition efficiency, a further increase of particle velocity makes the DE to decrease due to erosive effects of the particles penetration in the substrate or in the already deposited material 2,22 . In summary, the critical velocity is a relation among kinetic, thermal energy and physical chemical characteristics of the feedstock. Assadi et al. 23 even
proposed a  parameter to build some selection maps; this is a dimensionless parameter, defined as the ratio of particle impact velocity to critical particle impact velocity. Some works 2,3,22 have proposed mathematical equations to model the critical velocity behavior. However, it has not been completely understood; it is difficult to consider the influence of the substrate within the first layer and fails at considering that real spraying involves a particle size distribution. It is wellknown that to obtain dense and compact coatings with higher deposition efficiency, the particle must reach the critical velocity. Therefore, the studying and planning in detail the spray parameters are important steps to follow before producing any CGS coating. These parameters and their importance will be discussed below.
Spray parameters and other factors influencing the properties of the coating

Gas pressure and temperature
Gas pressure and temperature are the main spray parameters because small changes in these parameters can produce an increase or decrease of the velocity and oxidation of the particles, characteristics that can reduce the deposition efficiency and adhesion of the coating on the substrate. The critical velocity obtained through the relationship between relative deposition efficiency and spray angle by simulation and experiments for copper is reasonable, and the increase in the particle temperature can decrease the critical velocity of the particle until 14 m s -1 each increment of 100 °C 24 . It happens because of the feedstock material becomes more ductile with increasing the temperature, consequently, can deform more easily the particles during the impact. The higher the pressure values used, the higher the spraying velocity reached. In CGS, it is possible to work with pressures between 5-40 bar; nevertheless, a systematic study of this parameter must be performed for each system, since low pressure values may not be enough for the particles to reach the critical velocity and to form the splats (Figure 7a ) 25 . On the other hand, too high pressures may cause the particle deflection or cavitation (Figure 7b ) 26 depending on the feedstock powder and substrate material characteristics, leading to decrease the deposition efficiency.
Figure 7.
Correlation between pressure and splat formation. Adapted from Refs. [25, 26] . Reproduced with permission. 
Spray distance
The spray distance is the distance between the nozzle of the spray gun and the surface of the substrate and is defined as the path that the particles travel on leaving the gun until they collide with the substrate 27 .
The spraying distances used in CGS do not exceed 50 mm, much smaller than those used in other spray techniques, which range from 120 to 300 mm. This parameter can determine the speed and temperature at the point that the particle reaches the substrate, and directly influences the formation of the coating. Figure  8 depicts that increasing the spray distance, the deposition efficiency of the coatings decreases regardless of the sprayed material characteristics 28 . Figure 8 . Influence of spray distance on deposition efficiency of the coating. Adapted from ref. 28 with permission.
Gun transverse speed
The gun transverse speed defines the amount of material that will be deposited 27 . For a defined number of passes, a slow gun transverse speed implies a larger amount of deposited material. A higher gun transverse speed will cause the opposite process, with less deposition of material.
Spray angle
The effect of spray angle 29 can mainly influence the deposition efficiency and consequently coating thickness. Phase angle influence on the deposition efficiency can be evaluated dividing the spray angle values into three regions: maximum angle deposition efficiency (angle normal to the substrate surface), transient angle range (the deposition efficiency increases from zero at the critical spray angle to 100% and depends on the particle velocity distribution) and no deposition efficiency angle range (spray angle < 40 o and depends on the material being sprayed). The phase angle also influences the microstructure of the coating and the deformation flow direction of particles in the coating is almost perpendicular to the particle approaching direction.
Substrate temperature
The substrate temperature may also influence the performance of the coating. The increase of substrate temperature will contribute to deposit at lower particle velocity, since the thermal-softening effect can be present during the particle impact the substrate. The deposition of Cu and Al on Al 2 O 3 by CGS on heated substrates resulted in relatively low compressive stresses and low hardness, high electrical conductivity values, and improvement of the coatings properties 30 .
Feedstock powder
Main processes for obtaining powders 3.6.1.1 Atomization
The gas atomization is the cheapest and most suitable process for the manufacturing of the feedstock powder for CGS spraying [31] [32] [33] . This technique can easily produce a high amount of feedstock with spherical morphology and regular size between 10 μm to 100 μm. The powders show a micrometer particle size with submicron particles formed during solidification in the gas atomization process [31] [32] [33] .
In the atomization process (Figure 9 ), the metal is melted in a high temperature furnace using air, nitrogen, or helium atmosphere 31, 33 . The liquid metal flows through the hole between two small nozzles which work with a high gas pressure, and simultaneously the gas jet disperses the liquid metal to lead the formation of small droplets, which cooling down during their fall in the atomizing tower and become solid particles 31, 33 . . a) Atomization system for powder production and b) Copper powder prepared by gas atomization process using air atmosphere 34 .
Agglomeration and sintering
Metallic-ceramic powders, e.g. tungsten carbides (WCs) are produced by the agglomeration and sintering process 1,10, [35] [36] [37] . Sintering occurs from a solid-state reaction between calcium tungstate (CaWO 4 ) and calcium carbides (CaC 2 ) at temperatures close to their respective melting points. After the reaction, WC is obtained in a ratio up to 65%wt. To produce tungsten carbide and cobalt (WC-Co) the last step is mixing Co in amounts between 12-20%wt at inert atmosphere, usually pure nitrogen. The prepared powder ( Figure  10 ) is porous and has good regularity in size and shape. 
Mechanical process
Composite feedstock powder or obtained from metallic alloys can be prepared by mechanical processes using ball milling system ( Figure 11 ). In this process, zirconia or ceramic balls are placed inside a cylindrical metal chamber with the material to be processed. In the ball milling system at certain velocity the balls press the material on the cylinder walls, the friction increases the temperature and the pressure causes the plastic deformation of the particles 31 . The particle size reduction results from a complicated dynamic interaction of the balls with turbulent slurry during the ball milling process. As seen in Figure 11 , particle breakage may occur by the collision of balls in many places. The morphology of these powder depends on many parameters, such as ball size, ball shape, ball filling, slurry loading (with respect to ball amount), powder loading with regard to the amount of total slurry (slurry viscosity), and rotation speed 38 . Figure 11. Ball milling system used for feedstock powder producing. Adapted from [39] with permission.
Influence of composition, structure, and size of the feedstock powder
Materials used in CGS have the morphology of powder. Before using any kind of material, it is extremely important to know some characteristics such as: chemical composition, crystalline structure (metals) or polymer structure (polymers), size and morphology of the particles, and physical and mechanical properties as well. These characteristics help us to choose which parameters are most suitable for spraying the feedstock powders. The determination of the composition and crystalline structure of the metallic feedstock powders can be performed by X-ray diffraction analysis. In CGS, the plastic deformation of the particle depends on temperature and pressure during the coating building. For metals, it is also dependent on the kind of crystalline structure of the feedstock material 12, 40 .
Metals with face-centered cubic (FCC) structure deform plastically more easily, because the crystalline structure of these metals is symmetrical, which facilitates the sliding of the crystalline planes, making these materials less resistant to the plastic deformation. Metals as aluminum, copper, silver, and others having a FCC structure are easily deposited by CGS. On the other hand, metals with body-centered cubic (BCC) are more difficult to be plastic deformed and the spraying parameters should be investigated with more caution for their deposition. This is the case of tungsten, tantalum, vanadium, and others. Metals like Zn, Al and Cu are ideal for CGS deposition due to low mechanical strength and relatively low melting point, requiring low process temperatures and no gas pre-heating to deposit dense coatings. Al deposition is little difficult than the others because of its high heat capacity despite its low melting point and low yield strength. For these metals and their alloys, the thermal properties are not considered, but this property can be important for materials with higher strength, e.g., Fe-, Ni-and Ti-based materials. In these cases, low process temperatures may not be successful in depositing them, since no enough energy is provided, but even thus, deposition of these materials using CS technology has been reported 41 .
For the polymeric materials, thermoplastic polymers are the most used for the coating production by CGS 42 . These polymers have plastically deformed under different pressure and temperature conditions. In addition, these polymers are easily produced in powder form. Among the most used polymers are polyethylene and polyethylene terephthalate. The analysis of the size and morphology of the powders are performed using laser diffraction (DL) measurements and scanning electron microscopy (SEM), respectively. Laser diffraction measures the particle size distribution by the angular variation in the intensity of diffused light as a laser beam interacts with the particles dispersed in liquid. SEM allows analyzing the morphology which is performed both on free surface and cross section. The analysis of the morphology and size of the particle is extremely useful due to the strong influence they exert on the critical velocity. The velocity of the particle during the spraying process is inversely proportional to its size. Accordingly, higher velocities are achieved using smaller particle size. However, studies show difficulty in spraying small particles (size <5 μm), because these undergo agglomeration, which can cause problems such as nozzle clogging 1,31,43 . The particle size for CGS can be between 5-400 µm 1 , but the ideal size of particles is much lower, between 1-50 m 21,43 .
Influence of powder morphology
For a particular material both particle size and morphology are very important parameters to determine if the critical velocity will be surpassed. Particles with irregular form are easier accelerated than spherical particles with the same size due to hydrodynamic effects, however irregular and coarse particles have their velocity diminished that can be lower than smaller spherical particles. An experimental study on the influence of the titanium powder composed of agglomerates and deposited on 7075-T6 Al alloy was developed to understand the formation process of the coating / substrate interface and particle / Eclética Química Journal, 42, 2017 ISSN: 1678-4618 DOI: 10.26850/1678-4618eqj.v42.1.2017.p09-32 particle boundary within aggolomerate 44 . Transmission electron microscopy examinations of a focused ion beam lift-out prepared sample pointed out to jettingout, the occurrence of oxide layers and grain size refinement as the key aspects. Recrystallization was exhibited for both Al alloy titanium side at the particlesubstrate interface and Ti particles in small agglomerates showed grain refinement at particle / particle interface while the original structure was preserved outside those boundaries. The structure within the titanium particles was highly heterogeneous and seems that the irregular particle morphology influenced the stress distribution and a non-uniform contact at the substrate / particle interface. Figure 12 shows a scheme of a CGS Gun. The most important parts are the high pressure / heating chamber and the nozzle. The chamber has the function of maintaining the working temperature of the gas and is also the place where the high-pressure system of the gas / particle mixture is formed 45 . Most commercially available spray guns are similar in design to Figure 12 . 
Influence of spray gun and nozzle 3.7.1 Spray gun
Spray gun nozzle
In CGS, the particles are accelerated and heated due to their interaction with the high velocity gas flow. The main purpose of the nozzle in this system is to form a particle / gas flow with sufficient thermal and kinetic energy for successful deposition to occur. The nozzle of the spray gun is a piece usually made from tungsten carbide or polymers. The nozzles can be constructed with different geometries; however, three types are the most common: convergent, convergent / divergent conical and convergent / divergent cylindrical ( Figure  13 ). The nozzles may have differences in the gas inlet diameter, throat diameter, gas expansion outlet diameter and divergent and convergent section length, all factors influence the velocity of the particle during spraying 1, 46 . Computational simulation studies 1,46 have
shown that the higher the nozzle length, the higher the particle velocity during spraying. The velocity of the particles after the exit of the nozzle is also greater for a convergent / divergent system. This nozzle is also capable of spraying particles with diameter up to ≈400 μm, which results in a denser coating.
Substrate preparation
Preparation of the substrate surface is very important when it is desired to produce a coating by CGS. It is mandatory that the substrate be clean and free from chemical residues and oxides prior to coating deposition. Before spraying, the preparation of the substrate is mainly done in two ways: abrading using silicon carbide papers (SiC) which provides a roughness around 0.5 μm, or blasting, which is the most widely used method, in which Al 2 O 3 particles are blasted on the substrate surface, what may produce a surface roughness up to 5 μm 47 . To prepare the surface by blasting procedure, it is important to define the following parameters / conditions: the type of particle used, its size and shape, gas pressure, angle, and time of blasting, as these characteristics can determine how rough the surface may be 31, 48 . In general, Al 2 O 3 particles of granular shape and size of less than 100 μm are used. Blasting is done in a short time, with the sample at 90° angle and using pressures less than 5 bar. CGS equipment having two spray powder compartments may be used to make the blasting process followed by spray coating. This is a great advantage as it prevents exposure of the clean surface to the environment for a long time, preventing the formation of oxides or deposition of dirt on the surface. Studies report that when CGS coatings are deposited on rougher surfaces, the deposition efficiency of the material increases 3, 31, 47, 48 . This happens because the particles deform more severely on a rough surface than on a smooth surface. In addition, these coatings show greater adhesion on blasted substrates 3, 22, 47, 48 .
Another way of surface preparation is laser abrasion which uses a short pulse laser system to rapidly vaporize a surface layer from the substrate. This technique is widely used for surface preparation of biomaterials that will be coated with CGS technique. Surface preparation methods such as chemical cleaning or electropolishing are generally poorly used and there is no literature about studies showing spray coatings on so prepared surfaces. Different materials can be sprayed on a flat surface that constitutes an advantage of CGS technique.
Some relevant corrosion studies of cold spray coatings and corrosion protection
Corrosion has been defined as the undesirable deterioration of a metal or alloy, or other material, i.e., an interaction of the material with its environment that adversely affects those properties of the material that are to be preserved 49 . An alternative for protecting the substrate from contact with the environment and prevent its corrosion is the use of coatings. The coating has a purpose of covering the metal surface and acting as a barrier preventing that oxygen, water, chloride ions and other aggressive substance reach the substrate and begin its corrosion. The corrosion resistance of CGS coatings depends mainly on the porosity and thickness of the coatings. Coatings with corrosion resistance for long immersion times show porosity values less than 1% and can be considered as compact 35, 47 . They also show an increase in the corrosion resistance by increasing their thickness. It has happened because for a thicker coating the interconnected porosity and paths formation that allow the electrolyte to reach the coating/substrate interface can occur after a long immersion time compared to a thin coating. In addition, to draw a general guideline towards improved corrosion resistance, an understanding of the effects of cold spray parameters and conditions on corrosion behavior is essential. Cold spray provides the possibility of exploring wide range of materials system for corrosion protection. Some of relevant studies about the CGS coatings and their corrosion features are show in Table 2 .
Before the CGS process, a thick aluminum-based coating with low porosity could be hardly obtained by conventional methods. Even utilizing spray techniques such as HVOF and Plasma Spray, the deposition of aluminum coatings was difficult because of the high temperatures used during the spray process that causes the melting of the feedstock material and a high oxidation of aluminum. An extensive literature 52, 53, shows the production of the aluminum CGS coatings and in some of these works 47 47 . The Al/grit blasted steel show a thickness of 381µm, which was thicker than the Al/ground steel (309 µm) and the reinforced coating (320 µm). For Al-based coatings, the E OCP measurements during long immersion times showed potential oscillations (Figure 14) . At the end of the experiments, all coatings showed a potential value close to -0.87 V/Ag|AgCl|KCl3mol/L, which suggests that the electrolyte did not attack the substrate yet, since the potential of the substrate was around -0.75 V/Ag|AgCl|KCl3mol/L. Figure 14 . E OCP versus time measured in aerated and unstirred 3.5 wt% NaCl solution for the steel and different coated samples for relatively high immersion times 47 Reproduce with permission.
The potential oscillations are caused by the formation/repassivation of pits on aluminum surface, probably by a queuing process 89 . For the Al coatings, the pits begin to be formed on the thinner and/or defected aluminum oxide film. For the reinforced coatings, the pits are mainly initiated surrounding the Al 2 O 3 particles ( Figure 15 ). Corrosion around these particles can be explained, as usual, by the formation of local cells between Al 2 O 3 (nobler) and the Al matrix (more active).
The EIS results were analyzed by fitting equivalent electrical circuits (EEC) 47 . R ox was assigned to the aluminum oxide itself and aluminum oxidation, R ct to the charge transfer resistance and R film was assigned to the resistance of the corrosion products of aluminum which may include oxides with different properties of the native or the Al 2 O 3 -Al composite. The resistance values were plotted versus time to compare the different coatings as shown in Figure 16 . For Al-Al 2 O 3 /Al/ground steel coating, the (R OX +R ct ) resistance values have varied up and down during all the immersion time, as shown in Figure 16a . The increase of (R OX +R ct ) resistance at short immersion times could be related to the oxide formation by the reaction of water with aluminum, increasing the area covered by aluminum oxide 47 . The chloride has begun attacking at the defects of aluminum oxide around the aluminum particles forming local cells, as observed by the SEM images (Figure 15b ). For long times, these local cells accelerated the aluminum dissolution leading to a rapid decreasing of the (R OX +R ct ) resistance (Figure 16a ) 47 .
(a) (b) Figure 15 . SEM image of Al-Al 2 O 3 /Al/ ground steel coating at high magnification before (a) and after (b) longer immersion times.
R film values (Figure 16b ) also show a sharply decrease to very low values after 500 h of experiment, probably due to the oxide film dissolution caused by the formation of local cells and preferential attack around the alumina particles, as shown in the SEM image ( Figure 15 ). The EIS analysis and SEM images show that only after 2200 h the coating show interconnected porosity and some paths that allow the electrolyte to reach the coating/substrate interface. For the Al coatings, the highest initial values (R OX +R ct ) were associated with the presence of the natural oxide layer that was formed on the as-prepared surface of the samples. This oxide was attacked, at some defects, by the electrolyte exposing the more active Al coated areas, and, consequently, the resistance has decreased. But, as the time went by, the product of the hydrolysis of aluminum ions might accumulate on the active regions, leading to an increase of the (R OX +R ct ) values. In resume, for immersion times (< 200 h), the Al-Al 2 O 3 /Al composite coating showed higher corrosion resistance, probably due to the lower active area of Al, but for immersion times higher than 200 h a lower corrosion performance was observed due to the severe corrosion of Al matrix surrounding the alumina particles.
The feedstock powders size and composition also exert influence in the corrosion resistance of CGS coatings and, as previously described, the particle size for CGS particles can be between 5-400 µm 1, 42, 43 , but the ideal size is below 50 m 1, 42, 44 . The fine powders, with narrow size distribution and containing low oxygen content are usually more suitable and desirable 90 . Also, the plastic deformation can occur more easily depending on the crystalline structure 1, 40, 52, 90 . All these effects on the coating formation are described in literature 1, 42 and some studies show that they have high influence in the corrosion protection performance 62 . The 316L stainless steel with different particle size was deposited under the same spray conditions onto AZ91 alloy and the corrosion resistance evaluated 62 . The coatings prepared with small and large particles showed the same thickness value. However, the porosity was 4% for large particles powder and less than 1% for the powder with small particle size. The electrochemical results showed that the corrosion rate decreases by reducing the powder size due to the less porous structure of the coating with smaller particles. The improved quality of interparticle bonding, in this case, also played an important role to reduce the effect of localized corrosive attack. Different carbide feedstock powders, WC-12Co and WC-25Co, were sprayed by CGS onto Al 7075-T6 alloy and the microstructure and corrosion resistance were evaluated in NaCl 3.5% medium. The cross section images of coatings showed a dense structure with low porosity. The coating thickness was 65 µm for WC-12Co and 118 µm for WC-25Co. SEM images and electrochemical results after 700 h of immersion in 3.5% NaCl solution showed that WC-25Co offers higher protection against corrosion of the substrate than WC-12Co. WC-12Co and WC-25Co coatings withstood, respectively, 1000 and 3000 h of salt fog spray test 91 . The influence of the oxygen content in the deposition efficiency and corrosion resistance of copper coatings deposited onto low carbon steel using CGS technique was also investigated 92 . The electrochemical results showed that the electrolyte reaches the substrate after 200 h of immersion in 3.5% NaCl solution for the coatings obtained from the oxidized powders. The coatings obtained from annealed powders showed thickness greater than 500 µm and the electrolyte did not reach the substrate/coating interface even after 700 h of immersion. In addition, they showed high corrosion resistance in salt fog test without any corrosion at the coating / substrate interface for testing time of 2000 h 92 .
As previously reported, cold-sprayed coatings can be extremely dense and show a very low porosity under suitable spraying conditions, in which the particles experience intense plastic deformation 93 . However, under some spraying conditions and, depending on the starting material, the temperature of particles during the deposition process generates some residual tensile stresses due to thermal effects 94, 95 . Moreover, the severe impact deformation generates some residual compressive stresses due to the kinetic effects [26] [27] [28] 31 .
The existence of residual stresses in the cold-sprayed coatings can decrease the mechanical, thermal, electrical and corrosion resistance properties. An alternative to improve the performance of these coatings is the use of heat treatment as previously reported 63, 66, 75, 78, 81, 84, 93, 96, 97 . , stainless steel coatings 60, 100 and Inconel 718 101 . Moreover, the mechanical properties (tensile strength, elongation) and corrosion resistance of cold-sprayed coatings may also be improved by applying heat treatments 60, 94 . The evolution of cold-sprayed coatings microstructure during heat treatment was discussed in literature 93 . Two typical cold sprayed coatings, i.e., dense, and porous are shown in Figure 17 . At lower heat-treating temperature, some diffusion between particles will happen as shown in Figure 17b . For the porous coating, the interface between particles will become obscure for the dense coating and only the compactly connected interfaces will disappear 93 . This improves the bond between the particles interface. However, dense coatings will become more compact and stronger, but with low ductility 93 . Further increasing in the heat treatment temperature, diffusion at the particle interfaces became more intense and the interfaces completely disappear (Figure 17c) . If the heat treatment temperature is too high, the grain will grow as shown in Figure 17d . In summary, heat treatment improves the bonding quality and diminishes interparticle boundaries, which are preferential sites for corrosion. Moreover, the heat treatment decreases the coating porosity and increases the coating barrier effect 51, 55, 93 Figure 17. Schematic representation of the evolution of cold spray coatings during heat treatment.
. As-prepared and heat-treated tantalum sprayed CGS coatings onto low carbon steel were compared by means of corrosion tests with the bulk material 59 . The coatings were thermally treated at 500, 750, 1000, 1250, and 1500 °C in a vacuum furnace for 2 h. The microstructure analyses show an exponential decrease in the porosity from 0.3% (as-prepared) to 0.05% (1500 °C). The decrease in porosity has directly influenced the corrosion resistance of coatings. Cyclic polarization test in 1 mol L -1 NaOH solution showed that the changes in current density and corrosion potential are compatible with an enhancing of the corrosion resistance of the coatings because of the heat treatment. The corrosion currents of as-deposited coatings and those heat-treated at 1500 °C were found to be 7.1 and 0.7 µA/cm 2 , respectively. This indicates substantially superior performance of heat-treated coatings, approaching that of the bulk, which was found to have a corrosion current density of 0.52 µA/cm 2 59 . For all the heat-treated specimens, during reverse polarization, the current density showed a lower value than during the forward scan, which is an indication of effective repassivation. It is evident from these results that closure of pores and cracks, with reduction in grain boundaries, due to the heat treatment, is responsible for the increase of corrosion resistance 59 . Sundararajan et al. 60 demonstrated that the corrosion resistance of cold-sprayed SS 316L coatings increases as a function of the temperature of heat treatment for different exposure times in 0.1 mol L -1 HNO 3 . As-prepared condition showed a microstructure characterized by weakly / unbounded intersplat boundaries and high porosity. On the other hand, the heat-treated coatings showed an improved intersplat bonding and porosity decrease. Similar results were found for heat-treated cold-sprayed zinc coatings 55 , SS 304 coatings 100 and titanium coatings 93 . EIS measurements of the zinc coatings 55 during 80
h of immersion and the fitting of the data were performed using EEC to evaluate the corrosion resistance of as-deposited and heat-treated Zn coatings in a vacuum oven at 150 °C for 1 h. The first time constant C dl /R ct was assigned to the corrosion process of Zn coating at the electrolyte/coating interface represented by a charge transfer resistance (R ct ) in parallel with the double layer capacitance (C dl ). A second time constant C corr /R corr was assigned to the process that occurs at the electrolyte/pore inner surface interface, subsequently to the penetration of the electrolyte into the numerous pores present in the coating.
For as-deposited sample, the R corr values increased up to 24 h of immersion. The increase of R corr value is probably the result of the formation and deposition of corrosion products which interfere in the corrosion process within the pores 55 . On the other hand, for the heat-treated coating, the R corr value reaches a maximum only at 72 h. This indicates that the corrosion products start interfering with the corrosion process at the pores walls at a much later stage in the case of heat-treated condition 55 . The above observation is consistent with the fact that pores and intersplat cracks are considerably lower in the heat-treated coating 55 . The
R ct values for the Zn coatings in heat-treated condition are higher than that of the as-deposited Zn during all immersion times. However, R ct of the heat-treated coating decreases continuously with increasing exposure duration, indicating a general degradation of the corrosion resistance with increasing exposure. The R ct results show that for long immersion times, the heat treatment may not improve the corrosion resistance of the CGS coating. Detailed studies analyzing the coatings during immersion times up to 500 h and evaluating other types of coatings and heat treatment conditions should be performed. It can help to elucidate if the heat treatment influences or not the corrosion resistance of the CGS coatings mainly at long immersion times. Although the use of the heat treatment helps to improve the corrosion resistance of the coatings, it is necessary to observe if the working temperature used during the heat treatment is suitable. High temperatures may oxidize the coatings and increase their oxide content mainly between splats and on the surface. This condition can also provoke the coating degradation and the formation of new crystalline phases or amorphous material. In some cases, the use of high temperatures may not be sufficient to close large pores or microstructure defects. It can occur mainly in the case of less ductile materials. In these cases, it is better to make an optimization of the spraying parameters or sealing the coatings.
The CGS metallic coatings generally show an acceptable corrosion resistance during long immersion times and under corrosive environments. However, they show a wear resistance less than the bulk material. The use of ceramic particles to make composite coatings improves the mechanical resistance of these coatings 47, 73, 102, 103 In preparing this review, we have realized that the comparison of the corrosion behavior of the different coatings deposited by CGS technique is difficult mainly due to lack systematic and long-term electrochemical studies. In many cases, fundamental information such as coating thickness, adhesion values are missing, or the spraying conditions are not clearly informed.
Applications of CGS technology
As previously described, the first applications of the CGS technique were done in the last decade of last century 1 . In industry, the CGS process improves the performance and functionality of a lot of commercial products increasing their commercial values. This technique also allowed in situ repairing of many materials and industrial parts, increasing the lifetime, and decreasing the parts replacement. CGS offers the possibility to produce more efficient coatings and almost without environmental impact or toxic waste production. The aluminum-based coatings, obtained by CGS, have several applications; due to that, before the onset of CGS, it was very difficult to obtain thick coatings, for instance, based on aluminum with low oxidation. Aluminum-based coatings are the most investigated, mainly in the aeronautical industry in which the CGS technique is also used for parts repairing 1 . Aluminum has also been used to produce conductive coatings on ceramic substrates 15 . The metallization of insulating materials for electronic applications has become a very promising process for the application of the CGS technique, mainly for obtaining ceramic piezoelectric materials that convert mechanical energy into electrical energy or vice versa. Metal electrodes are deposited on the face of piezoceramic sensors at opposite positions each other, allowing the formation of a uniform electric field. The powder spraying to form the coatings does not alter the properties of the substrate, and the thickness of the electrodes is greater than those obtained by sputtering.
Copper-based coatings obtained by CGS have also a potential application in corrosion protection in the electronic industry, in heat exchangers and in conductive systems 1, 6, 7, 119 . The low porosity and low oxide content of these coatings allow greater thermal and electrical conductivity as well as greater resistance to corrosion.
WC-Co-based coatings have large application as protective coatings against mechanical wear and corrosion 11, 35, 36, 130, 131 . The hardness of the WC particles confers wear resistance while the metal matrix offers toughness. When sprayed by HVOF, these coatings undergo decomposition to form W 2 C, W, Co 6 W 6 C and Co 3 W 3 C phases, which makes the coating fragile and with low mechanical strength. On the other hand, WCCo coatings sprayed by CGS do not undergo thermal decomposition and present only the WC and Co phases, being quite homogeneous and more resistant to wear. One of the applications of these coatings is in turbine rotors used in hydropower plants 7 . These turbines suffer wear due to the erosion process. Water at high pressures plus solid particles collide to the surface of the turbine and remove metallic material. This wear creates a loss of working efficiency and higher working efficiency maintenance costs. Using the WC-Co coatings, the service life of these turbines may be higher due to the wear resistance offered by the coating 1 . The CGS coatings show corrosion and wear resistance but the technique can produce functionality surfaces as well, for example, photocatalytic 42 and coatings with antifouling activity 119, 120 . The photocatalytic activity and the microstructure of ECTFE polymer composite coatings and C-TiO 2 nanoparticles deposited onto an epoxy resin by low pressure cold gas spraying (LPCGS) was investigated by Robotti et. al. 42 . To produce the novel coatings, CTiO 2 was mixed with an ECTFE polymer, by means of a low energy ball milling (LEBM) process. The LEBM system permits the mechanical anchoring of small TiO 2 aggregates around the large ductile polymeric particles. A well-bonded coating with good mechanical coupling and thickness ≈ 400 µm was formed onto the substrate. Photocatalytic tests showed that the CGS polymer-TiO 2 coatings actively photodegraded NO and the byproduct, NO 2 . Compared to commercial paint, these asprepared coatings enhanced photocatalytic performance.
CGS technology is also able to make the metallization process. It consists in the spraying of a feedstock material onto surfaces with low thermal or electric conductive to improve it is characteristics or bring some functionality to the surface 119, 120 . Highdensity polyethylene (HDPE) used in boats parts was metalized by CGS process and has shown excellent antifouling properties. The antifouling activity of HDPE with area of 1 m 2 metalized by copper powder using CGS technology and the HDPE covered by conventional antifouling paint was compared 119 . The painted polymer showed 63% of the total area covered by organic material after 250 days on the other hand only 3% of the total area was covered for the metalized polymer. Recently, CGS has been used, combined or not, with other techniques to perform non-thermal freeform fabrication and would be a perspective additive manufacturing technology 8 . When compared to other additive manufacturing methods, CS technology involves neither high-temperature processing as selective laser melting and direct metal deposition nor ecologically unfriendly chemicals as electroplating. The ability of CGS works with multi-materials open a window for new developments as using micronozzles (< 1 mm diameter with spray spot < 1 mm) with optimization of spraying strategies to produce freeform 3D objects.
Concluding Remarks
Thick coatings with low porosity, without cracks and with low content of oxides may be produced by the cold gas spray (CGS) technique due to the high kinetic energy and low thermal energy used for the coating deposition. CGS coatings prepared using optimized conditions may present very high adhesion, very low porosity, excellent mechanical properties, corrosion resistance immersed into an aggressive medium for more than 2000 h, and protection to the substrate against corrosion in salt fog tests for 3000 h. Thus, optimizing all spraying parameters is mandatory to have success in preparing coatings with high corrosion resistance and high mechanical properties performance.
A global characterization of the coatings including chemical, physical, microstructural, mechanical and evaluation of corrosion resistance is essential to give a feedback for improving the performance of coatings which may be applied for multipurpose.
The CGS is not only a promising technology to help industry to solve many local concerns in the present and future, but is a reality in protecting many materials against corrosion and wear, extending their service life and cost-effective by avoiding substitution of many parts in the industrial parks and of industrial products. CGS is also a promising technology to functionalize surfaces for different applications in protection of materials against biocorrosion, antifouling, and energy production, additive manufacturing among other applications.
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